Abstract -Introduction. Because of the long transportation times and storage durations that are often experienced, it is important to understand how pomelo properties change over time; that will be indicative of how long samples can be stored before they drop below acceptable quality limits. As no information is available regarding storage of pomelo fruit in the literature, the goal of our work was to study the change in pomelo physicochemical and textural properties following storage over a period of approximately 4 months. Materials and methods. The changes in physical, chemical and textural properties of commercial pomelo fruit were extensively evaluated over the course of a 4-month storage period. The correlation among physical, color, chemical and textural properties were also assessed. Results. Color properties (L*, a*, b*) changed significantly with storage; however, they did not change much during the initial 45 days of storage. The change in soluble solids content (SSC), acidity (A) and the [(SSC) / (A)] ratio suggested that pomelo fruit should not be stored for more than 75 days. Crucially, our study demonstrates that the a* parameter (greenness, R = -0.556) correlates best with the chemical property the [(SSC) / (A)] ratio, which is a recognized measurement of the consumer acceptability of citrus fruit. This means that measuring a* is a non-destructive way of monitoring the taste characteristics of pomelos in storage. This property also correlated well with the average firmness of the fruit and with the flesh texture. Conclusion. This fundamental information on the pomelo fruit could prove useful in the physical handling and processing of the fruit by breeders and postharvest technologists as well as distributors, market agents, importers and exporters.
Introduction
Pomelo (Citrus maxima or Citrus grandis) is one of the largest citrus fruits. The fruit flesh is normally consumed rather than processing it into a juice and is renowned for its good flavor and juicy texture. In addition, it was reported that the flesh of pomelo contains important nutrients including vitamin C, para-insulin, potassium, pectin, natural folic acid and chromium 1 .
The pomelo fruit is particularly popular throughout Asia, Europe and America because of its desirable taste characteristics. Thailand, for example, currently exports pomelo to countries in Asia (China, Hong Kong, Singapore, Malaysia, Indonesia, Laos, Vietnam and Myanmar), Western Asia (Iran, United Arab Emirates and Saudi Arabia) and Europe (Norway, the Netherlands, the United Kingdom and Switzerland), as well as the United States and Canada. In 2010, the exported quantity was 12,149,126 kg (129,464,307 Baht/4.3 million US$) 2 .
There have been several studies that have investigated the changes in physicochemical properties that occur during fruit maturation. These studies have been performed on a variety of fruits such as the Granny Smith apple [1] , Hass avocado [2] , sunberry [3] and pomegranate [4] ; before and after processing such as dabai fruit [5] , and during storage such as Granny Smith apple [1] , Hass avocado [2] , and Palmer mangoes [6] . For citrus fruit, the Florida grapefruit [7] , mandarin [8] , Fortune mandarins [9] , Navel oranges, Star Ruby grapefruit and Satsuma mandarins [10] during storage, and unripe oranges during processing [11] , were studied. Fruit skin color, size, shape, weight, mesocarp thickness, firmness, soluble solids concentration, pH, titratable acidity, organic acids, respiration production rate and ethylene concentration were investigated in these studies.
The pomelo fruit has a thick rind (thin flavedo and thick albedo) which protects the flesh inside from applied forces and water evaporation [12] . This also helps in the handling of the pomelo fruit during transportation. However, the properties of this fruit can differ significantly depending on the time the fruit is harvested or the length of storage. Thus it is important to understand how the external and internal properties of pomelo change since this can have implications for fruit export, as transportation and storage can be significant in duration. The external and internal textural properties of a fruit are important parameters that can influence the choice of consumers. Puncture and plate compression tests, while relatively simple, and routine, are classical tests that can provide extensive information regarding the textural properties of the items under investigation. The plate compression test and/or the puncture test have been used to study textural properties of Tarocco orange [13] , pear [14] [15] [16] , mango [17, 18] and cherimoya fruit [19] in the past. Due to the long transportation times and storage durations that are often experienced, it is important that one fully understands how these properties change over time since this will be indicative of how long samples can be stored before they drop below acceptable quality limits. However, at present there is no information available regarding storage of the pomelo fruit in the literature. Therefore, the goal of our work was to study the change in these physicochemical and textural properties of this fruit following storage over a period of approximately 4 months. This data is useful information for breeders and postharvest technologists as well as distributors, market agents, importers and exporters of pomelos.
Materials and methods
We studied the physical properties of pomelos, including fruit size, weight, volume and apparent density along with the textural properties of the fruit and rind, given that 1 Alice White Green, The nutritional value of pomelo, http://EzineArticles.com/ 5647080, consulted on 11 August 2011. 2 Thai Customs Department, Import-Export Statistics, http://www.customs.go.th/Statistic/StatisticResult2550.jsp?page=1&statType =export&month=12&year=2010&product-CodeCheck=Y&productCode=08054000001 &countryCheck=null&country=, consulted on 11 August 2011. they have implications for fruit handling and the design of processing equipment. In addition, the color properties of the rind, the texture of the internal flesh and certain other internal characteristics, such as the soluble solids content, acidity and the ratio of soluble solids to acidity, which is a measurement of the quality or flavor index of citrus fruits, were also assessed.
Sampling
Pomelos (Citrus maxima or Citrus grandis cv. Kao Num Peung) were harvested from a commercial orchard located in Nakhon Pathom province, Thailand. Fruits were randomly collected 200 days after initial blooming, as is usual for commercial harvesting practice. The pomelos were then waxed (Nature Bright, Israel) using a line waxing machine: washing of fruit using water, drying using cloth surface rollers, spraying of wax over the fruit, and the final drying step in a hot air tunnel. The fruits were then transported to King Mongkut's Institute of Technology Ladkrabang, Bangkok, Thailand, and stored in a cooled room at 10°C with a relative humidity of 70%. Storage duration times of (0, 15, 30, 45, 60, 75, 90, 105 and 120) days were considered. For experimental assessment, twenty fruit samples were randomly taken from storage at each time interval.
The rind of pomelo consists of the flavedo, which is a green color with oil glands spotted all over the fruit peel, and the albedo. The latter is spongy in texture and white in color. There are several segments (8-9) containing juice sacs and each is covered with a tough skin called a lamella. At the center of the fruit, there is a core which is hollow when ripe. Seeds are generally located in the individual segments, close to the core.
Physical properties and color
The physical properties, including the average diameter, geometric mean diameter, weight, volume, apparent density, and color properties, including CIE lightness (L*), redgreen value (a*) and blue-yellow value (b*) of all fruit, were measured.
Average diameter, geometric mean diameter and weight
For each fruit, the height (a), equatorial width perpendicular to a (b) and breadth perpendicular to a and b (c) were determined using a digital Vernier height gauge (Mitutoyo, H6-18″P, with a 0.02-mm resolution) with some modification for measuring the dimensions practically. The average diameter (AVD) and the geometric mean diameter (GMD) were given by:
Each fruit was weighed using a digital electric balance (ARC 120, OHAUS, max weight 3,000 g with a 0.01 g resolution).
Volume and apparent density
The methodology described by Mohsenin [20] and used by Sirisomboon et al. [21] was used to determine the volume of the pomelo fruit. The mass of each pomelo fruit was weighed in the air as described above; it was then weighed in reverse osmosis water in a bucket with a platform electric balance (AFM, UWE amx, maximum weight of 60 kg with 0.01 kg resolution). The volume (V in m 3 ) of the fruit was calculated using the principle of buoyant force: V = (m w / ρ w ), where m w is the weight of displaced water, i.e., fruit mass weighed (in kg) in water, and ρ w is the density of water (approximately 1,000 kg·m -3 ).
The apparent density ρ a (in kg·m -3 ) is defined as the weight of the individual fruit in air (m a in kg) divided by its volume: ρ a = (m a / V).
Color
The CIE L* a* b* was determined at five positions (72°apart) at the equatorial part of the pomelo fruit using a spectrophotometer (MiniScan XE Plus 45/0 LAV, Hunter Associates Laboratory Inc., Reston, USA). A D65 illuminant with a 2°observer angle was used. Measurements were performed in triplicate at each position, and then they were averaged.
Texture analysis
Following the removal of the pomelos from storage, fruit were kept at 25°C for a period of 24 hours. Their textural properties were then measured using the puncture and plate compression tests, consecutively, with a texture analyzer (Stable Micro System model TA HD Plus, London, UK). The effect from the former test was considered to be negligible. The two tests were performed on the fruit at positions at the equatorial part of the fruit 144°clockwise apart. This was because the fruit was considered to be divided into five sections 72°apart.
In the puncture test, the probe must penetrate the fruit, passing through the peel and into the flesh. It is a measurement of the strength of the peel and flesh, separately, at the point of puncture. It is different from the plate compression test, which is a measurement of the impact of compression of the fruit as a whole.
For the puncture test, a stainless steel plunger with a flat end (3-mm diameter) attached to the load cell (490.5 N) was used to penetrate the fruit up to 50 mm depth with a penetrating speed of 0.2 mm·s -1 [12] .
The method used for the plate compression test was as follows: a flat aluminum plate (100-mm diameter) was attached to the load cell (490.5 N) and was used to compress the pomelo at a deformation speed of 0.2 mm·s -1 . Relaxation tests were performed at a maximum compression force of 40 N, with a 30-s relaxation time. The decline in force was recorded [12] .
The computer software "Texture Exponent 32 version 4,0,3,0" (Stable Micro Systems, London, UK) was used to control the texture analyzer, to record the force, deformation and time, and to calculate the texture parameters.
Chemical properties
The soluble solids content obtained from the juice of each fruit was measured using a digital refractometer (Atago, Pocket PAL-1, Japan) and expressed in %Brix. This was done at least in duplicate per sample. The titratable acidity was subsequently assessed using 50 mL juice contained in a 100-mL beaker according to the AOAC method [22] . The sample was titrated with 0.1 M NaOH to pH 8.1 ± 0.02, with monitoring being performed using an electrode pH meter (HANNA, HI 8521, Italy). This was repeated twice per sample.
Statistical analysis
The means and standard deviations of all properties were calculated. Means of the experimental data were compared by the Least Significant Different (LSD) test at a 95% confidence interval. The correlation coefficients among the properties were calculated using Microsoft Excel and their significance values were calculated using a table of significant values of r and R [23] .
Results and discussions

Change in physical and color properties over time
Our results regarding the change in physical and color properties of pomelo fruit extracted from storage at different times over 120 days showed that the color (L*, a*, b*) changed most significantly with storage (table I). The lightness (L*) increased, greenness (-a*) decreased and the yellowness (b*) increased with storage duration. However, the color did not change dramatically during the initial 45 days of storage.
On the other hand, the apparent density did not change significantly over time, while fruit size, weight and volume changed slightly (table I) . This observation might be due to the fact that the fruit were waxed before storage since, in this condition, it is difficult for water to evaporate from the fruit.
Change in chemical properties
Our results regarding the change observed in the chemical properties of pomelo juice during storage showed that the soluble solids content increased significantly up until 75 days of storage and decreased subsequently (table II) . Since the weight of fruit P. Sirisomboon, R. Lapchareonsuk changed only slightly, and since evaporation from the fruit was limited, the change in soluble solids content is likely to be a result of a biochemical change in the flesh.
The acidity of the juice remained constant up until 75 days of storage and reduced subsequently (table II) . Therefore, the [soluble solids content / acidity] ratio was essentially constant during 90 days of storage with a range of 17.0-20.2, but increased after this time. This ratio is an accepted consumer acceptability benchmark, as a ratio of 10 to 16 is considered to be an acceptable value for citrus [24] . Nevertheless, this range is lower than that of some other citrus fruits after sensory tests in more recent times. A study by Campbell et al. [25] on the Owari mandarin suggested that an acceptable value corresponded to 15 or more. At (105 and 120) days, the ratio for pomelo reached 22.2 and 24.2, respectively.
Changes in textural properties measured by the plate compression test
The average force-time curves obtained using the plate compression test on pomelos at different storage durations indicated that the maximum force was not exactly at 40 N in the average curve (figure 1), due to the fact that the average was taken from all fruits at each storage time, and the time taken to reach 40 N was not the same for each fruit. From the slope of the curve before the point corresponding to the maximum force, which is indicative of the average firmness of the fruit, it could be seen that the firmness had obviously decreased with time.
After different storage periods using the plate compression test, it could be observed that the firmness of the whole fruit dropped over time (figures 2a, 2b). The energy absorption associated with permanent deformation increased during storage (figures 2c ). The energy absorption is based on the hysteresis area of force and the deformation curve. When it returns, the curve cannot reach the origin; permanent deformation is caused and the energy absorption increased. Also, the permanent deformation is caused by destruction and flow of the internal fruit cell. The deformation ratio, which indicates the strain on the fruit, increased slightly over time. It was observed that the fruit would deform between 1.9% and 2.4% under a force (40 N) over the course of the study. Moreover, the degree of elasticity increased slightly (0.666 to 0.719) following 30 days of storage, and gradually decreased after that (0.719 to 0.678) (figures 2d). The degree of elasticity indicates the ability of the fruit to recover from deformation once an applied force is removed. If the degree of elasticity is 0.666, then the fruit can recover from 66.6% of the total deformation. This means that the elasticity of the fruit decreased slightly during longer storage durations. The relaxation ratio also dropped slightly during storage, from 0.256 to 0.203 from the beginning of storage up until the 75 day point; then, it increased again to 0.224 after 120 days of storage. The relaxation ratio indicates the viscoelasticity behavior of the fruit and when this value approaches zero, it means the material is more elastic rather than viscous. The relaxation ratio, which approaches one, indicates that the fruit is a more viscous material. The pomelo fruit until 75 days of storage was more elastic even though the average firmness of the fruit decreased. This agrees with the results of Sirisomboon et al. [15] where the less firm Japanese pear also had a lower relaxation ratio (i.e., the less firm Japanese pear was more elastic/less viscous during ripening).
Although the pomelo is a citrus fruit containing juice sacs, it displays more elastic behavior rather than viscous behavior which is due to the thick, strong structure of the rind and lamella covers. These tightly cover the juice sacs such that the composite behaves as a solid material in which the juice of individual sacs cannot move freely. After 75 days of storage, the relaxation ratio slightly increased, which indicates that the viscous behavior increased slightly and the elasticity decreased.
Changes in textural properties measured by the puncture test
For the average force-deformation curve obtained using the puncture test on pomelos at different storage durations ( figure 3) , the resistance force of the lamella (the second peak) was averaged with the data of the flesh because the position of the lamella in each fruit was different. Therefore, the second peak in the average curve did not truly represent the resistance force of the lamella. Nevertheless, it could be seen from the slope of the force-deformation curve (from origin to the first peak) before the point of maximum force (first peak), which is indicative of the average firmness of the flavedo, that this textural property studied by the puncture test decreased with storage time. 
P. Sirisomboon, R. Lapchareonsuk
During the course of the puncture test, the probe was moved through the flavedo, albedo and lamella and into the flesh. When observing the change in textural properties based on the puncture test following differing storage periods (figure 4), both the initial firmness and average firmness of the flavedo decreased with increasing storage duration ( figure 4a) . This indicates that the flavedo was less firm as the storage time increased. At the same time, the bio-yield force of the flavedo decreased while the bioyield distance remained unchanged (figure 4b) . The bio-yield distance did not vary appreciably. This indicates that the cells beneath the skin were weaker following storage. It could also be seen that the rupture force of the flavedo gradually decreased while the rupture distance gradually increased with increasing storage time ( figure 4c) . This indicates that the flave do softened over time. When observing the change in penetrating force and penetrating energy of the albedo, neither parameter changed substantially over the course of the experiment (figure 4d), which indicates that the albedo texture remained essentially unchanged. Otherwise, the toughness, which is the energy needed for rupture of the flavedo, did not vary appreciably, which indicates that the toughness of the flavedo was unaffected by storage time, and the rupture force of the lamella decreased with storage time, indicating the lamella had softened ( figure 4e) . Finally, the penetrating force and penetrating energy of the fruit flesh decreased with time ( figure 4f) . This means that the flesh became softer in texture following storage.
Correlations among properties 3.5.1. Physical properties with CIE color and chemical properties
The geometric mean diameter, average diameter and volume of pomelo correlated with each other and with fruit apparent density and weight. Weight did not correlate with apparent density, however ( 
., soluble solids content (SSC), acidity (A) and their ratio [(SSC) / (A)] also did not correlate with physical properties (table III). However, (SSC) and [(SSC) / (A)] were correlated with L*, a* and b* (table IV).
This indicates that the change in flavor might be monitored over time simply by monitoring the change in color properties of the skin since this change is related to the biochemical processes occurring internally leading to the changes in properties related to taste. Soluble solids content and acidity did not correlate with each other (table V).
Physical properties with textural properties
The pomelo geometric mean diameter, weight, volume and average diameter, but not apparent density, correlated negatively with the deformation ratio from the plate compression test and the rupture distance of the flavedo from the puncture test (table III) . This indicates that, when the size and mass of the fruit is larger, the strain decrease and the rupture distance at the puncture point decrease. This means that the overall strength of the fruit is higher with the size but its skin is weaker. The geometric mean diameter, volume, apparent density and average diameter, but not weight, correlated with penetrating force and penetrating energy in the albedo (table III) . This indicates that the change in physical properties displayed a relationship with the change in texture of the albedo, which is understandable given that this is the most important part protecting the flesh when an external force is applied. The average diameter was found to correlate with the initial firmness and toughness of the flavedo (table III).
Color properties with textural properties
The L*, a* and b* parameters correlated positively with the energy absorption and the deformation ratio of the whole fruit (i.e., from the plate compression test), but negatively with the average firmness, rupture force of the flavedo, penetrating force of the flavedo and penetrating energy in flesh from the puncture test (table IV) . This indicates that, as the skin lightness (L*) increased, the greenness decreased (a* increased and a* was a minus value) and yellowness increased (b* was a plus value), the energy absorbed for permanent deformation and strain of the fruit increased (i.e., the fruit was more prone to applied force). However, when L*, a* and b* increased, the firmness and strength of the flavedo (skin) decreased and the flesh was also softer. The a* parameter also correlated negatively with the average firmness from the plate compression test and with the toughness of the flavedo, penetrating force in the albedo, penetrating energy in the albedo and the rupture force of the lamella from the puncture test (table IV) . This indicates that, when the greenness of the skin decreases, the firmness of the whole fruit decreases, as does the strength of the flavedo, albedo and lamella. The L* correlated negatively with average firmness from the plate compression test confirming that, when the skin lightens, the fruit firmness decreases. In comparison, in the case of the Carica papaya, no correlation existed between the texture strength and the internal color development over time [26] .
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Chemical properties with textural properties
The fruit soluble solids content (SSC) correlated negatively with the deformation ratio from the plate compression test and positively with the bio-yield force, rupture force of the flavedo, rupture force of the lamella, penetrating force in flesh and penetrating energy in flesh from the puncture test (table V) . This indicates that, when the soluble solids content of juice was higher, so was the fruit strength, the strength of the flavedo, lamella and the flesh. The acidity (A) 
Correlation among textural properties
In the results from the plate compression test, the energy absorption correlated negatively with the penetrating force in flesh and the penetrating energy in flesh (table VI), which indicates that, when the energy absorbed by the fruit was more, the flesh was softer. Otherwise, the relaxation ratio correlated only with the average firmness of the flavedo, indicating the importance of the flavedo in the viscoelasic property of the fruit. In the results from the puncture test, the rupture distance of the flavedo correlated negatively with the rupture force of the lamella (table VI), confirming 
Conclusion
In our study, the physical, chemical and textural properties of the pomelo fruit (Citrus maxima or Citrus grandis cv. Kao Num Peung) were extensively evaluated over the course of a 4-month storage period. We found that the apparent density did not change significantly over time, while physical properties such as size, weight and volume changed only slightly. This might be due to the fact that the fruit was waxed before storage, preventing significant evaporation of water.
Color properties (L*, a*, b*) changed most significantly with storage. The lightness (L*) increased, greenness (-a*) decreased and the yellowness (b*) increased over time. However, the color did not change much during the initial 45 days of storage. The change in soluble solids content (%Brix), acidity and the [soluble solids content / acidity] ratio suggested that pomelo fruit should not be stored for more than 75 days.
The firmness of the whole fruit decreased during storage. The firmness of the flavedo also decreased with the increase in storage, P. Sirisomboon, R. Lapchareonsuk due to increased weakness in the cells beneath the fruit's outer skin. In addition, the flavedo was found to be softer, but tougher. The lamella and flesh were observed to soften over time, while the albedo showed no change in texture.
The correlation among physical, color, chemical and textural properties were subsequently assessed. Crucially, our results demonstrate that, amongst all the physical parameters studied here, the a* parameter (greenness, R = -0.556) correlates best with the chemical property the [soluble solids content / acidity] ratio, which is a recognized measurement of the consumer acceptability of the citrus fruit. This important result means that breeders and postharvest technologists as well as distributors, market agents, importers and exporters of pomelos have a non-destructive way of monitoring the taste characteristics of pomelos in storage. The L* and a* parameters also correlated well with the average firmness of the fruit and L*, a*, b* correlated with the flesh texture.
